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The use of electrospray ionization mass spectrometry for the accurate determination of 
molecular masses of polynucleotldes and small nucleic acids is developed. The common 
problem of gas phase cation adduction that is particularly prevalent m the mass spectromet- 
ric analysis of nucleic acids is reduced through the use of ammomum acetate precipitations 
and by the addition of chemical additives that compete for adduct ions in solution. The 
addition of chelating agents such as trans-l,2-diammocyclohexane-N,N,N',N'-tetraacetic 
acid to remove divalent metal ions and tr~ethylamme to displace monovalent cations from 
the analyte, in conjunction with ammonium acetate precipitation, reduces cation adduction 
to levels that perrrut accurate mass analysis (mass errors of less than 0.01%) without further 
complex cleanup procedures. The potential utility of accurate mass measurements of small 
rtbonucleic acids is discussed. (J Am Soc Mass Spectrom 1995, 6, 27-39) 
H 
'~storically, the application of mass spectrome- 
try to oligonucleotides and nucleic acids has 
.been impeded because of the high polarity of 
these molecules owing to the phosphodiester back- 
bone, which is completely ionized at pH > 1. Gener- 
ally, practical mass spectrometric measurements have 
been limited to nucleosides and small ohgonucleotides 
[1]. With the recent introduction of new ioruzation 
methods for polar molecules, larger oligonucleotides, 
including intact nucleic acids, have been analyzed mass 
spectrometrically (for an earlier review, see [2]). By 
using matrix-assisted laser desorption methods, Nord- 
hoff et al. [3] have ionized and detected small intact 
ribonucleic acids including tRNAs and 5S rRNA. Elec- 
trospray ionization methods also have been successful 
m the ionization and detection of intact transfer ri- 
bonucleic acids [4]. In all of these studies, the mass 
spectra were characterized by the presence of abun- 
dant cation adduction peaks, and the mass accuracy of 
these measurements was not reported. 
Electrospray ionization [5] now permits the produc- 
tion of completely desolvated ions from extremely 
polar molecules, which allows the analysis of nucleic 
acids and their constituents as initially demonstrated 
by Covey et al. [6]. In solution, solvent acts as a 
dielectric shield to reduce repulsive Coulombic inter- 
actions that result from a net negative charge of -1  at 
every nucleotide residue. The process of transferring 
the analyte from solution into the gas-phase results in 
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the loss of this Coulomblc protectmn and leads to 
sequestration of cations present in the solution. These 
cations serve to reduce the polarity that is due to the 
highly charged backbone, which thereby improves the 
production of gas-phase ions. However, dependent 
on instrument resolving power, the resulting mass 
spectrum often exhibits broad peaks whose width 
and complexity reflect the degree of adductlon. These 
adduct peaks also disperse the analyte ion current 
among multiple cation-containing species within each 
charge state ion cluster, which thus reduces the sensi- 
tivity of the mass measurement. 
Accurate mass determination of nucleic acids re- 
quires the removal or significant reduction of these 
cation adducts. In fast-atom bombardment mass spec- 
trometry analysis of oligonucleotides, Grotjahn et al. 
[7] first proposed and demonstrated the use of trieth- 
ylammonium salts of oligoribonucleotides to reduce 
the level of cation adduction. More recently Stults and 
Marsters [8] clearly demonstrated the utility of precipi- 
tation of nucleic acids from 2.5-M ammonium acetate 
[9] to form ammonium salts that improve electrospray 
mass spectrometry of these samples. This procedure 
was carried out on 2-3 nmol of material for precipita- 
tion with a concentration of 25-100 pmol//~L of ma- 
terial used for mass spectrometric analysis. In those 
results, the mass spectrum of a synthetic 77-mer was 
characterized by the [M + Na] ion as the predominant 
peak within each charge state ion cluster [8]. However, 
precipitation alone has not proven sufhcient as a means 
to generate measurements of nucleic acids with accu- 
racies that approach the accuracies of peptides and 
proteins, and the identification of unknown samples 
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cannot be established on the basis of putative adduct 
peaks alone because of the inability to assign the 
number of cations in the adducts. Little et al. [10] 
recently demonstrated high performance liquid chro- 
matography (HPLC) cleanup of oligonucleotides be- 
fore electrospray iomzation with analysis by Fourier 
transform ion cyclotron resonance mass spectrometry. 
Other methods have been used in matrix-assisted 
laser desorption ionization (MALDI) to reduce the 
cation adduction problem. Nordhoff et al. [3] ex- 
changed alkali metal ions against NH~- on an acid- 
activated polymer to reduce cation complexation. Pieles 
et al. [11] on a small scale added either d:ammonium 
sulfate, diammonium hydrogen citrate, or diammo- 
nium-L-tartrate o a mixture of oligonucleotides before 
analysis, which apparently acts to reduce the cation 
adduction in their mass spectra. 
In this article we report on methods to reduce the 
salt adduction problem by use of precipitation from 
ammonium acetate [8, 9] on a small scale, in conjunc- 
hon with the addihon of orgaruc addihves. Tl-us proce- 
dure is sufficient o permit the accurate mass measure- 
ment of small nucleic acids via a quadrupole mass 
analyzer. The demonstrated method uses intact trans- 
fer ribonucleic acids and small ribosomal ribonucleic 
acids and achieves mass measurement errors of less 
than 0.01%. This method is applicable to a range of 
sample concentrations, and the effectiveness of adduct 
ion suppression can be monitored rapidly. The use of 
organic additives minimizes ample loss from multiple 
desalting operations (e.g., precipitation or HPLC). The 
procedures described should be useful also for analy- 
sis of a number of synthetic polynucleotide derivatives 
of contemporary interest [12-14]. 
Experimental 
Materials 
Transfer RNAs Gly1(CCC), Vali(VAC) , and Serl(VGA) 
were obtained from Subriden RNA (Rolling Bay, WA). 
5S ribosomal RNA was isolated from 50S ribosomal 
subunits from E. coli MRE600 cells purchased from 
Grain Processing Co. (Muscatine, IA). RNAs were dis- 
solved m deionized water (previously treated with 
diethyl pyrocarbonate and then autoclaved [15]) to a 
stock concentration of 250-400 pmol//.~L. Ethylenedi- 
aminetetraacetic a id (EDTA; free acid; 99% pure), 
trans-l,2-diaminocyclohexane-N, N, N' N '-tetraacetlc 
acid (CDTA; free acid; > 99.5% purity), and nitrilotri- 
acetic acid (NTA; free acid; 99.5% pure) were obtained 
from Sigma Chemical Co. (St. Louis, MO). EDTA, 
CDTA, and NTA were dissolved in concentrated am- 
monium hydroxide to a concentrahon of 10 raM. This 
stock solution was diluted one hundredfold for use 
with the tRNA solutions. Triethylamine (TEA; 99% 
pure) was purchased from Aldrich Chemical Co. (Mil- 
waukee, WI) and dissolved in nuclease-free water to a 
concentration f 0.1%. HPLC grade ammonium acetate 
was obtained from J. T. Baker (Phillipsburg, NJ) and 
used without further purification. 
Precipitation of RNA 
In general, 40-70/~L of stock RNA solution was mixed 
with 1/3 volume of sterile 10-M ammonium acetate to 
give a tRNA solution in 2.5-M ammomum acetate [8]. 
Cold absolute thanol (2.5 volumes) was then added to 
precipitate the RNAs. Suspensions were stored at -20  
°C for about 3 h and then centrifuged for 15 min at 
12,500 rpm. Supernatant was decanted from each tube 
and the pellet was again washed with about 400-/~L 
cold 70% (aq.) ethanol to reduce the ammonium ac- 
etate content. Suspensions were stored about 2 h at 
-20  °C and then centrifuged at 12,500 rpm. Super- 
natant was decanted and the pellet was dried in a 
Savant, Speed-Vac entrifuge (Farmingdale, NY) for 20 
min with no heat. In those cases in which multiple 
precipitations were performed, the pellet was dis- 
solved in nuclease-free water before ammonium ac- 
etate precipitation. Final concentrations of RNA solu- 
tions after precipitation were 300 pmol//~L in H20. 
Mass Spectrometry 
All electrospray iomzahon mass spectra were acquired 
using a PE Sciex (Norwalk, CT) API I I I+ triple qua- 
drupole mass spectrometer. Mass analysis was made 
by using only Q1, with Q2 and Q3 operating in rf-only 
mode. The coaxial nebulizer gas (air) pressure was 33 
lb / in  2. Curtain gas (nitrogen) flow rate was 0.8 L / ram.  
The orifice plate was kept at 60 °C for analyses. Sam- 
ples were refused by using a Harvard Apparatus 
(South Natick, MA) Model 22 syringe pump at a flow 
rate of 1-2 /~L/mm at a concentration of 8-10 pmol /  
~L. In most cases 10 scans were acquired in multichan- 
nel analysis (MCA) mode (step size 0.1 u; 3-ms dwell 
per step) over the mass range m/z 800-2000 (20-35 s 
per scan). All RNA solutions were in a 2"1 (isopro- 
panol:H20) mixture. Solutions of chelating agents and 
TEA were added in place of water to dilute the stock 
solution to the working concentrahons. Q1 was cali- 
brated first m negative ion mode with polypropylene 
glycol and then calibrated by using an 8-pmol//.LL 
solution of a purified synthetic deoxyribonucleotide 
[d(CTCATG)] or a ribonucleotide (CUCAUG). Typical 
operating voltages were - 3100-V needle voltage (ISV), 
-55-V orifice voltage (OR), and -30-V Q0 voltage 
(R0). 
Molecular Weight Determinations 
Molecular weight calculations of molecular mass from 
experimental data were made using the HyperMass 
software included with the Sciex data system. In all 
cases, calculations of molecular mass from experimen- 
tal data were made from the most abundant peak in 
each charge state ion cluster. Reconstructed molecular 
mass spectra were calculated with a step size of 0.1 
over the measured mass range. The MaxEnt recon- 
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struction [16] of the E. coh 5S rRNA electrospray mass 
spectrum was made by using MassLynx software (VG 
BioTech, Cheshire, UK). Expected molecular weight 
values were calculated from the reported tRNA se- 
quence [17] or, in the case of the E. coh rRNA (which 
contains no posttranscriptional modifications), from the 
gene sequences [18], by using a molecular weight 
program developed in the authors' laboratory written 
by using FaceWare (Urbana, IL) modules and com- 
piled by using Absoft (Rochester Hills, MI) MacFortran 
II Version 3.2. Determinahons of possible composi- 
tional isomers were made from a software program 
written in Microsoft Fortran version 5.0 [19]. 
Resu l ts  
Ammonium Acetate Precipitation 
Precipitation of large oligonucleohdes from concentrat- 
ed solutions of ammomum acetate converts them to 
the ammomum salt, which results m significant im- 
provements m signal-to-no~se ratios in electrospray 
mass spectrometry [8]. tRNA wn, a class I tRNA (76 
nucleotides, nt), was precipitated multiple times from 
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ment in spectral intensity can be seen in Figure la -c  as 
a more than tenfold increase in analyte ion current is 
realized. The reduction in cation adduction by ammo- 
nium replacement shifts the charge state distribution 
to a higher value as well as increases the number 
of charge states detected. Although the peak widths, 
which are a measure of the total number of cation 
adducts, do not decrease with increasing ammonium 
acetate precipitations (each charge state was approxi- 
mately 9 m/z units at half-height for all precipitations), 
the ion current is shifted within each charge state to a 
lower mass. RNA yields for repeated precipitations 
were typically 96% yield after one precipitation, 83% 
(of initial amount) after a second precipitation, and 
73% (of initial amount) after a third precipitation. 
For tRNA van (calculated M r = 24,680.96) that was 
precipitated once, the reconstructed molecular mass is 
24,735 u (133 u wide at half-height), whereas after 
three precipitations the reconstructed molecular mass 
becomes 24,716 u (123 u wide at half-height). Unfortu- 
nately, precipitation alone for large polynucleotides i  
insufficient o remove cation adduct species to provide 
accurate mass values, and some other means for this 
reduction must be employed. 
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Figure 1. Electrospray mass spectrum of E. coh tRNA van that shows the effect of tRNA 
prectpdatlon from 2.5-M ammomum acetate. (a) One precipitation, (b) two precipitations; (c) three 
vrecmltatlons. 
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Addition of Chelating Agents 
Although precipitation is useful both in reducing the 
extent of monovalent cation adduction and in increas- 
ing the analyte ion current delivered to the mass spec- 
trometer, the highly charged polynucleotide backbone 
still retains a large amount of adducts to stabilize the 
Coulombic forces. Transfer RNAs are known to have 
large binding affinities for certain transition metals 
[20]. Typically, Mg ÷+ is found naturally m tRNAs to 
provide for proper secondary and tertiary structure. 
Such metal ions also may be mvolved in adduction Ln 
the same manner as Na + and K +, thus increasing the 
mass of the nucleic acid, and some means for their 
removal is also necessary. There are several organic 
chelating agents that have a high binding affinity for 
divalent metal ions, and those used in the present 
study are shown in Table 1. 
The effect of adding two of these compounds (NTA 
and CDTA) to a solution of 2 x precipitated E. coli 
tRNA wn before analysis is shown in Figure 2. In the 
data shown in Figure 2a, 1 nmol of NTA was added to 
300 pmol of tRNA. The improvement m sensitivity is 
threefold as compared to the twice precipitated solu- 
tion alone (Figure lb), and peak widths are reduced 
from 9 to 4 m/z units (half-heights). Results from the 
addition of I nmol of EDTA to 300 pmol of tRNA (data 
not shown) were similar to those for the addition of 
NTA. Figure 2b shows the effect of the addition of 1 
nmol of CDTA to E. coli tRNA wn. In this case, sensi- 
tivity is five times higher and peak widths are reduced 
to 2 m/z units (half-height). It should be noted that 
although a molar excess of chelating agent was added 
to the nucleic acid mixture, each nucleic acid molecule 
has at least 75 sites that can brad a cation, and the 
extent of adduction at each phosphodiester (or other) 
site before analysis is unknown. 
The combination of precipitation and addition of 
metal chelators typically reduces peak widths (half- 
height) of the individual charge state from clusters of 
10 m/z units to less than 2 m/z units and reduces the 
error in mass determination to less than 0.01%. The 
optimal amount of chelator added depends on the 
initial condition of the nucleic acid and the number of 
times it was precipitated from 2.5-M ammonium ac- 
etate. For instance, with E. coh tRNA van, one ammo- 
nium acetate precipitation requires 5 nmol of CDTA 
for accurate mass measurement (data not shown); after 
two precipitations only 3 nmol of CDTA are needed 
(Figure 3), and with three precipitations only 1 nmol 
was sufficient for accurate mass measurement (data 
not shown). It should be noted that addition of a 
chelating agent will improve sensitivity to a limit after 
Table 1. Formahon constants for metal complexes with 
organic hgands [27] (values are reported as log K 1 ) 
CDTA EDTA NTA 
Mg ++ 1041 8 64 5 36 
Na + 1 66 2 15 
which addition of more chelating agent results in for- 
mation of adducts from the chelating agent with a 
concomitant reduction in the sensitwity. In all the 
experiments reported here, CDTA was found to be the 
most effective chelating agent, which is not surprising 
considering its high binding affinity for divalent metal 
ions (Table 1). 
Addition of Triethylamine 
We also found that addition of TEA produces results 
similar to CDTA addition, presumably by displace- 
ment of cations by competition for phosphate coordi- 
nation sites. Figure 4 demonstrates the advantages of 
TEA for salt removal. Various amounts of 0.1% TEA 
solutions were added to 300 pmol of E. coil tRNA wn 
that was precipitated once from 2.5-M ammonium 
acetate. The addition of 5 /~L of TEA solution (Figure 
4a) improves the signal-to-noise ratio twofold as com- 
pared to precipitation alone. The addition of 10- (Fig- 
ure 4b) or 15-/~L (Figure 4c) amounts of TEA solution 
further improves the signal-to-noise ratio: the most 
dramatic increase occurs with the addition of 15 p,L. 
However, addition of TEA alone was not sufficient o 
shift the majority of the ion current o the unadducted 
species within each charge state cluster: this ~s similar 
to the ammomum acetate precipitation results and 
unlike the effect from the addition of CDTA. For in- 
stance, the experimentally determined value (by using 
HyperMass) after addition of 15/~L of TEA is 24,695.26 
u, a mass error of (5.8 x 10-2)%. As with the use of 
chelating agents, the addition of excess TEA eventually 
results in the formation of TEAH + adducts and a 
reduction in sensitwlty. 
Addition of Chelating Agents and Triethylamine 
The combination of CDTA and TEA added to the 
nucleic acid mixture was extremely effective at reduc- 
ing mono- and divalent cation adduction and resulted 
in the most accurate mass measurements. Figure 5 is 
an example of a mass spectrum derived from the 
addition of 2.5 nmol of CDTA and 10 p,L of TEA 
solution to 300 pmol of E. coli tRNA vaIl. Very high 
sensitivity is obtainable and the amount of cation ad- 
duction is reduced compared to either additive alone 
(cf. Figures 3 and 4). Other tRNAs also were analyzed 
to characterize the effectiveness of this CDTA-TEA 
"cocktail" for accurate mass measurements, tRNA Glyl 
is another class I tRNA (74 nt) and tRNA serl is a class 
II tRNA (88 nt). Each tRNA was precipitated once and 
1 nmol of CDTA and 5 /zL of TEA solution were 
added before analysis. Figure 6 and Table 2 demon- 
strate the results of adding this mixture to each tRNA. 
All tRNAs were measured with errors less than 0.01% 
(standard deviations less than 3 u) and with vastly 
improved ion sensitivities as compared to either addi- 
twe alone or precipitation alone. 
With the reduction in peak widths for individual 
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Figure 2. Effect on the electrospray mass pectrum of E colt tRNA vail of the addition of chelating 
agents to a sample that was precipitated from 2 5-M ammoruum acetate two times. (a) Addition of 
1-nmol NTA to 300-pmol tRNA. Experimentally determined Hypermass values M r = 24,779.09 u;
s.d 10 87 (b) Addition of 1-nmol CDTA to 300-pmol tRNA. Experimentally determined Hypermass 
values M, = 24,681.09 u,s d 1 57 
charge states, the use of mass spectrometers with 
higher resolving powers ts less necessary to analyze 
mixtures of nucleic acids. Figure 7 again compares the 
effect of adding TEA alone (Figure 7a), CDTA alone 
(Figure 7b), or the two m combination (Figure 7c) to an 
equimolar mixture of tRNA Glyl and tRNA van. The 
charge states are easily assignable with a quadrupole 
mass spectrometer xcept those ions below m/z  950, 
which differ by 1 m/z  unit or less. Mass accuracies for 
each tRNA component in the mixture are comparable 
to those obtained for each tRNA individually. 
As a test of this method for even larger nucleic 
acids, a sample of E. coli 5S ribosomal RNA (120 nt) 
was precipitated once from 2.5-M ammonium acetate, 
and 500 pmol of CDTA and 10 /zL of TEA solution 
were added to the rRNA sample before electrospray- 
rag. Without the addition of either additive, no dts- 
cernible mass spectrum could be acqmred. However, 
the addition of CDTA and TEA permitted accurate 
mass measurement of the rRNA (Figure 8). The two 
peaks detected correspond to transcripts of the two 5S 
rRNA genes that occur m E. coh MRE 600 [18]. The 
lower mass, lower abundance ion series corresponds to
the E. coli MRE 600 minor gene and the higher mass, 
higher abundance ion series corresponds to the MRE 
600 maior gene. The calculated masses for each gene 
product are shown. The measured masses for each are 
38,817.85 and 38,856.75 u, which correspond mass er- 
rors of (5.9 x 10 -3) and (4.0 x 10-3)%, respectively. 
The only differences in the two RNAs are nucleotide 
changes of G ~ U at residue 13 and U --* C at residue 
92. After formation of ammonium salts and addition of 
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Figure 3. Ophmal conditions for accurate mass analysxs of E colt tRNA vail by usmg chelating 
agent (CDTA). Ten scans were acquired in MCA mode and the data were smoothed three times 
Average peak width (at half-height) of mdwldual charge states is 3 n l / z  umts, although there is 
sufhclent resoluhon to dxstmguish sodium adduct peaks. Inset reconstructed molecular mass of 
analyte. Measured M r = 24,681.24 u with standard dewation of 1.50 (determmed by usmg 
Hypermass). 
the additives, these differences are easily distinguished 
and measured by using a quadrupole mass spectrome- 
ter. 
Discussion 
Reduction of Adduct Ion Intensities 
The phosphodiester backbone of oligonucleotides in
solution is negatively charged (pK, ~ 1) and as a 
consequence has a high affinity for free cations that are 
present. Upon ionization, these cations (e.g., Na +, 
Mg ÷+) produce adduct species with polynucleotides 
and, when present in excess, result in reduced ioniza- 
tion efficiency. Experimentally, several precautions 
must be heeded. It is important to work with ultrapure 
grade solvents that are stored in containers that do not 
produce salt contamination; in particular, glass con- 
tainers should be avoided. Capillaries used to transfer 
the sample to the mass spectrometer a e a source of 
contamination and should be kept clean. To reduce the 
background salt content in electrospray mass spectra 
from oligonucleotides, we have found it necessary to 
replace the fused capillary provided with the Sciex 
instrument with 100-/~m o.d. polyether ether ketone 
(PEEK) tubing, which is easier to clean and retains 
much less salt during analysis. 
Precipitation from concentrated ammonium salt 
concentrations with alcohol is the most effective way 
to concentrate and recover nucleic acids [9, 21], con- 
comitant with conversion to the ammonium salt. The 
minimum amount of material that can be precipitated 
from 1 mL of solution is 50 (DNA) or 100 ng (RNA) 
[21], and the sample can be retained in a single micro- 
tube throughout all procedures. The sample prepara- 
tion time used in the present study (about 5 h) does 
not represent the minimum time for sample precipita- 
tion(s), which can be reduced to about 10 mEn if the 
concentration f nucleic acid is greater than 10 mg/mL 
[22]. Overnight precipitation is recommended when 
the amount of sample is not known [23]. Nonetheless, 
multiple samples can be processed at one time, which 
makes precipitation from ammonium acetate a poten- 
tially rapid method of desalting oligomers greater than 
about 10 residues. 
Addition of the chelating agents to solutions of 
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Figure 4. Effect on the electrospray mass  spectrum of E. colt tRNA van of the addition of 
tr iethylamme (TEA) to a sample that was precipitated once from 2.5-M ammonium acetate. (a) 
Add lhon of 5 /~L of 0.1% TEA. Experrmentally determined Hypermass  values M r = 24,758.61 u, 
s d. 6.45. (b) Addit ion of 10 /~L of 0.1% TEA. Experimentally determined Hypermass  values 
M r = 24,718.46 u, s.d 1.90. (c) Addit ion of 15 /~L of 0.1% TEA Experimentally determined 
Hypermass  values M r = 24,695.26 u; s.d. 1 18. 
nucleic acids results in both an improvement in the 
signal-to-noise ratio of the mass spectrum as well as 
reduction of mass spectral peak widths by removal of 
excess adducted cations. Cations essential for tRNA 
function may be classified as those required for general 
folding of the tRNA (weak binding) and those that 
preserve specific features of conformation (strong bind- 
ing) [20]. It has been found that there are 23 + 5 weak 
binding sites in tRNA with binding constants for Mg ÷+ 
of 103 [24, 25] and between 4 and 6 strong binding 
sites with binding constants for Mg ++ of 10 s [26]. In 
these experiments we found that CDTA was more 
effective than other agents for the reduchon of cation 
adduction. Not surprisingly, CDTA has the strongest 
binding affinity for Mg ++ of all the common chelating 
agents [27]. Presumably, the CDTA effectively com- 
petes for both free Mg ÷+ ions in the solution as well as 
with those already bound to the tRNA. Denaturation 
of the sample by gentle heating (to expose more of the 
backbone to CDTA) provided no additional improve- 
ment to the mass spectra. In the case of synthetic 
polynucleotides, divalent metal ions are much less 
34 LIMBACH ET AL J Am Soc Mass Spectrom 1995, 6, 27-39 
850.1 881.2 
913.1 986 3 
948 3 
850 900 950 
1027.5 
1000 1050 
m/z 
1072 1 
24,681 9 
24,650 24,700 24,750 
Molecular Weight 
1120 9 
1174 2 
l 1233.1 
1100 1150 1200 
Figure 5. Optimal condlhons for accurate mass analysis of E coh tRNA van by using a mixture of 
chelating agent (CDTA) and trlethylamlne (TEA) Ten scans were acquired in MCA mode and the 
data were smoothed three times. Average peak width (at half-height) of individual charge states 
is 2 m/z  units, although there is sufhcient resoluhon to dlshngulsh sodmm adduct peaks. Inset. 
Reconstructed molecular mass of analyte Measured M r = 24,682.19 u with standard eviation of 
1.58 (determined by using Hypermass) 
likely to be present, and the principal salt problem is 
usually due to Na + and K ÷. 
In addition to the use of chelating agents, we also 
found that triethylamine effectwely competes with free 
monovalent cations for nucleotide binding sites. Most 
likely, TEAH ÷ replaces Na + (and other monovalent 
cations) and forms a TEAH + salt via a phosphate-ion 
pair. TEA can then be lost as a neutral from the ion 
pair during desolvation, which leaves behind a (net) 
neutral phosphate (in which H + is shared between 
phosphate and other basic sites [28]). Alternatwely, 
TEAH + may be expelled, which results in a gas-phase 
phosphate anion. Because desalting of RNAs by multi- 
ple ammonium acetate precipitations or HPLC results 
in some sample loss, the ability to reduce cation ad- 
duction by manipulating the analyte solution at a 
relatively early stage provides a simple and effechve 
method for generation of mass spectra of high quality. 
Physical methods to reduce the salt content of nu- 
cleic acids include HPLC or membrane dialysis. HPLC 
is suitable for limited desalting when large amounts of 
material are available (and is recommended for small 
oligodeoxyribonucleotides, e.g. 10-mer and below [29], 
which are not efficiently precipitated with alcohol). We 
do not, however, recommend HPLC for desaltmg RNA, 
which is exceptionally sensihve to adventitious en- 
donucleolytic cleavage from heavy metal ions and ex- 
trinsic nucleases [23], for example, present in or on 
equipment not specially treated and reserved for nu- 
cleic acid work. In addition, sample losses are, in our 
experience, not inconsequential for small (e.g. pico- 
mole) sample amounts. For these reasons, we have not 
compared HPLC directly against he chemical methods 
reported here. We note that the Na content of a com- 
mercial tRNA sample was reduced from 23-45 Na 
atoms to 0-8 by HPLC [10], which is not as effective as 
the chemical approach used in the present study. 
Membrane dialysis also may be effective, although 
sample losses are again nontrivial and, particularly for 
RNA, degradation can occur. Both of these methods 
typically require more material than would be neces- 
sary otherwise for mass spectrometric analysis alone, 
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Figure 6. Electrospray mass spectra 
of (a) tRNA GM and (b) tRNA serl 
under  ophmal  salt reduction condP 
hons See Table 2 for calculated and 
found molecular masses and corre- 
sponding mass errors. 
Table 2. Experimental values for nucleic acid molecular 
mass  measurements  a 
% Error 
E coh nucleic amds M r calculated M, found (x10  -3) 
tRNA G~yl 23,811 36 23,813 36 8 4 
tRNA van 24,680.96 24,681 24 1 1 
tRNA set1 28,757 60 28,758 80 4 2 
5S rRNA 
Major component 38,853.40 38,854 94 4 0 
Minor component 38,814 36 38,816.65 5 9 
a Calculated values are derwed from reported tRNA sequences 
[17] or from the reported 5S rRNA gene sequences [18] 
thus hindering their usefulness for many biological 
problems in which the sample amount is lirruted. 
Utility of Nucleic Acid Mass Measurements 
As a consequence of the ability to remove cations from 
polynucleotide solutions, sufficiently accurate mass 
measurements can be achieved routinely to permit a 
range of prachcal applications to both synthetzc and 
natural polynucleotides. For example, Table 3 lists all 
class I and class II tRNAs from E. coli and shows 
calculated molecular mass, modification load (i.e., 
the mass component due to modification), and chain 
length. An examination of the tRNA sequences of all 
E. coli class I tRNAs finds that these nucleic acids all 
contain the four major nucleosides within well defined 
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1600 
mole percentage ranges. This is common for essentially 
all tRNAs from a variety of organisms [17]. From Table 
3, one also notes that molecular mass is related closely 
to chain length: almost no overlap among chain length 
exists [i.e., only Ile(CAU), a 76-mer, has a larger mass 
than some 77-mers]. Thus, the mass of a tRNA can be 
related to an intrinsic property of the tRNA.chain 
length. In addition, the values shown m Table 3 reveal 
that although tRNA size is biologically highly con- 
served, virtually all E. coli tRNAs can be distinguished 
or identified simply by molecular mass measured 
within +0.01%. In those cases for which molecular 
masses differ by 2 u or less [Ile(CAU)-His(GUC) and 
two Ile(GAU)s], identification can be made on the 
basis of modifications measured by HPLC or liquid 
chromatography mass spectrometry (LC/MS) of hy- 
drolysates. As a more common example, the two 
Tyr(GUA) isoaccepting tRNAs differ from one another 
by only a U ~ A interchange in the sequence--repre- 
sented by a mass difference of 23.04 in a total mass of 
27,600 u (or less than 0.1% of the total mass)- -which 
readily can be distinguished by this method. 
Interestingly, it is reasonable to postulate that any 
tRNA of known sequence can be identified solely from 
a combination of its measured molecular mass and by 
qualitative identification of its modified nucleosides by 
chromatography or LC/MS of an enzymatic hydro- 
lysate [30]. By conventional means, such identification 
would require sequencing, and experiments to estab- 
lish the identity of the amino acid with which the 
tRNA can be charged. In the case of RNAs that are not 
modified (such as bacterial 5S ribosomal RNA), identi- 
fication can in general be made simply from molecular 
mass in comparison with the value required by the 
corresponding gene sequence. Contrary to tRNA, many 
ribosomal RNAs have not been sequenced at the RNA 
level, but many rRNA gene sequences are readily 
available from database collections [18]. On the other 
hand, in rare cases in which 5S rRNAs are modified 
(e.g., [31]), modification could be detected from shifts 
in mass that are not predicted from the gene sequence, 
as m the case of smaller oligonucleotides [32]. This 
approach could be applied to account for the total 
tRNA modification (see Modification mass column in 
Table 3) if the corresponding ene sequence were 
known. 
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Table 3. Molecular weights of E. coh class I and class II tRNAs 
including mass component due to modification and chain length 
tRNA Mod,f,cat,on Chain 
(antlcodon) M r mass length 
Cys (GCA) 23,661 44 148.34 74 
Gly (CCC) 23,811 36 32 11 74 
Gly (UCC) 24,012 36 a 14 03 75 
Gin (CUG) 24,197 66 74 19 75 
Gin (UUG) 24,214 72 b 90 26 75 
Glu (UUC) 24,223 71 87 19 75 
Arg (CCU) 24,279 67 177.22 75 
Lys (UUU) 24,473 89 339 46 76 
Glu (UUC)  24,528.89 87 19 76 
Glu (UUC) 24,544 89 87 19 76 
Gly (GCC) 24,575 79 34 10 76 
Ala (GGC) 24,603 81 16 04 76 
Ala (UGC) 24,642 83 104 11 76 
Val (UAC) 24,680 96 134 20 76 
Ala (UGC) 24,689 92 120 17 76 
Trp (CCA) 24,704 10 178 41 76 
Arg (ACG) 24,711 10 170 34 76 
Thr (GGU) 24,750 96 193 24 76 
Phe (GAA) 24,811 20 263 47 76 
Asn (GUU) 24,816 07 319 42 76 
Met, (CAU) 24,896 11 46 14 77 
Met, (CAU) 24,926 13 60 16 77 
lie (CAU) 24,945 28 436 57 76 
H,s (GUG) 24,946 10 190 35 77 
Arg (CCG) 24,961 14 62 18 77 
Val (GAC) 24,995 15 153 29 77 
Arg (ACG) 25,024 24 164 27 77 
Arg (UCU) 25,028 14 a 175 21 77 
Val (GAC) 25,040 19 153 29 77 
Asp (GUC) 25,069 22 190 35 77 
Met (CAU) 25,146 36 354 47 77 
lie (GAU) 25,197 26 278 31 77 
lie (GAU) 25,199 27 280 32 77 
Tyr (GUA) 27,635 95 284 49 85 
Tyr (GUA) 27,658 99 284 49 85 
Leu (CAG) 28,142 94 c 34 10 87 
Leu (GAG) 28,191 97 c 34 10 87 
Leu (AAA) 28,301 28 a 162.36 87 
Ser (GGA) 28,553 24 30 07 88 
Ser (GGA) 28,572 30 48 15 88 
Ser (UGA) 28,757 59 250 43 88 
Ser (CGA) 29,282 89 144 28 90 
Ser (GCU)  30,321.44 193 29 93 
aN In sequence ,s mod,fied U calculated as U only 
bN in sequence ,s probably s2U calculated as s2U 
C N m sequence ,s mod,f,ed G calculated as G only 
d N in sequence ,s mod,f,ed A calculated as A only 
As discussed in a recent paper [19], accurate mass 
measurement of oligonucleotides i useful, in some 
cases, for direct determination of the composition of 
the oligonucleotide. As shown in Table 4 for tRNAs, as 
the accuracy of the mass measurement is improved, 
Table 4. Calculated nucleoside compositions possible within 
a speclhed mass range around M r 24,680.96 u (tRNA van) 
Chain length 
Search range around molecular mass 
+2.0u __.10U _+05u +025U +010u 
72-mers 13 7 3 3 1 
73-mers 48 27 14 9 5 
74-mers 93 46 24 15 7 
75-mers 147 66 32 19 9 
76-mers 179 90 45 26 11 
77-mers 188 97 48 30 13 
78-mers 170 88 43 23 11 
79-mers 118 61 29 17 8 
80-mers 37 19 5 3 
Total a 993 501 247 147 68 
Minimum 
composlt,on b 51 25 12 12 6 
aTotal number of poss,ble composmons w,thout knowledge of 
cha,n length 
bConstramts on rn,n,mum cornposmon are C > 14, U ~ 4, A > 6, 
G >_ 14 Values ,n th,s row were calculated for 76-mer by using 
these composJt,on constraints 
the possible compositional isomers become fewer and, 
if other information about the nucleic acid in question 
is known, can be reduced to a very manageable num- 
ber. For instance, if chain length is known (see earlier 
discussion), then the compositional choices are re- 
duced by at least 80%, and in most cases even more. 
Because most tRNAs have well defined compositxon 
ranges of the four major nucleosides, even more rigor- 
ous constraints on the possible composition may be 
employed. For all class I E. coh tRNAs, there are at 
least 18 cytldmes, 8 undines, 10 adenosines, and 18 
guanosmes [17]. For example, by using a minimum 
composition rule of 14 cytidines, 4 uridines, 6 adeno- 
sines, and 14 guanosines (apphcable to all tRNAs), 
combined with knowledge of a chain length of 76 from 
the mass measurement itself, E. coll tRNA vaIl mea- 
sured with an accuracy of +2 u has 51 possible com- 
positional isomers out of an irutlal value of 993. In this 
hypothetical example, tRNA modification is ignored; 
m practice, the modification mass component can be 
established from LC/MS analysis [30]. 
Improvements in the mass measurement reduces 
possible choices to less than 15, thus simplifying any 
possible sequence determination scheme that must ul- 
timately accommodate one of the possible candidates. 
When employed as part of a sequencing strategy in 
which masses of subunits obtained by selective cleav- 
age are measured, the number of allowable composi- 
tion candidates would drop sharply as individual sub- 
urut compositions become known. Although mass 
spectrometers with higher resolving powers and more 
accurate mass measurement capabilities potentially can 
reduce the possible compositional isomers even furth- 
er [10], the statistical absence of the all-light isotopic 
species requires that selection of an isotope peak of 
known heavy isotope composition be used for accurate 
j Am So(: Mass Spectrom 1995, 6, 27-39 NUCLEIC ACID MASS MEASUREMENT 39 
calculation of molecular  mass [33]. On the other hand, 
centrold measurement  of the full isotopic cluster at 
relatwely low resolving power  leads to molecular mass 
values of good accuracy when cation adduct ion is 
sufhciently reduced. 
Conclusions 
Accurate molecular  mass measurement  of small  nu- 
cleic acids by electrospray mass by spectrometry with 
errors of less than 0.01% has been demonstrated by 
using a s imple quadrupo le  mass analyzer. The combi- 
nahon of conversion to the ammonium salt and addi -  
tion of metal 1on chelating agents and tr iethylamine 
al lows for mass analysis of nucleic acids with accura- 
cies as high as those found in protein measurements.  
The advantages of chemical methods over physical  
methods for salt removal  include reduct ion of sample 
loss, as well as the ease of use and minimal  sample 
preparat ion hme. Accurate mass measurements  of nu- 
cleic aczds s impl i fy identif ication of known (or sus- 
pected) sequence candidates and prov ide a rapid means 
for s impl i fy ing identif ication of unknown nucleic acids. 
The procedures reported should be equal ly appl icable 
to synthetic polynucleot ides (DNA or RNA) from the 
10 through at least the 120 nucleoUde slze range. 
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